Abstract-We introduce an electromagnetic investigation of the complex experimental setup used in studying the Ratchet Effect at low temperature. This investigation, based on intensive electromagnetic simulations, shows that a compromise has to be taken into consideration between the physical aspects, the technological and the practical restrictions as well as the electromagnetic conditions of the observed phenomenon. By improving the electromagnetic response of the whole system, the Ratchet induced photovoltage can be increased, and hence the Ratchet device can be used for practical applications in wireless communications.
INTRODUCTION
Ratchet Effect [1] presents a very interesting physical phenomenon with exciting applications at the Nanoscale level. Recently, the Ratchet device has been proposed to be used in the fabrication of current generators and detectors at high microwave frequencies [2] [3] [4] [5] [6] ; also with the possibility of using the terahertz radiation [9, 10] . The concept of operation [2] [3] [4] [5] [6] [7] consists of radiating a two-dimensional electron gas asymmetric system with a microwave linear polarized radiation and producing a DC induced photovoltage. At low temperature, this effect is recently observed in AlGaAs/GaAs [2, 3] and Si/SiGe [4] [5] [6] heterostructure samples which are characterized by the high mobility of electrons. In order to generate the Ratchet transport in these samples, three conditions have to be satisfied. First condition is the presence of spatial inversion asymmetry in the studied samples [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . This can be achieved by patterning a periodic array of semidiscs shaped nanoantidots in a hexagonal lattice (using electron beam lithography) [2] [3] [4] [5] [6] . Second condition is the presence of a source of external energy which is represented by the microwave linear polarized radiation [2] [3] [4] [5] [6] [7] [8] . Finally, the third condition is that the period and the radius of antidots must be smaller than the mean free path of electrons at the working temperature [2] [3] [4] [5] [6] [7] , which is defined as the average distance covered by an electron between subsequent impacts. Realizing these conditions allows the collision of electrons with the antidots lattice and hence producing a directed electron motion in a certain direction and the restriction of motion in any other directions. As a result, a Ratchet directed transport of electrons has been observed and thus, an induced DC Ratchet photovoltage of few milli-volts has been measured between the sample contacts [2] [3] [4] [5] [6] . The fabrication of such a nanodevice represents a new and a challenging problem under the technology constraints.
For many years, the Ratchet phenomenon has been observed in various systems characterized by asymmetry and non-equilibrium including: (i) the biological molecular transport in systems such as proteins and bacteria [13] ; (ii) the motion of liquid droplets on hot metallic asymmetrical surfaces [14] and (iii) semiconductor devices [15] .
Another feature of the Ratchet Effect is that the directionality of the induced photovoltage could be controlled by the polarization of the microwave radiation. This feature has been predicted by theoretical studies [11, 12] and confirmed by practical experiments on AlGaAs/GaAs heterojunction samples [2, 3] . Recently, the dependance of the Ratchet photovoltage on the microwave polarization has not been observed in Si/SiGe heterojunction samples [5] .
The Ratchet photovoltage has been measured at low temperature in CNRS-LNCMI, Grenoble, France [2] [3] [4] [5] [6] . A linear dependence has been noticed between the microwave power of the source and the photovoltage induced at a frequency around 50 GHz. The last magnetotransport measurements showed in [5, 6] are obtained using a large temperature range (1.4 to 77 K) and magnetic fields up to 15 T. These measurements have to be performed using a complex closed cryogenic metallic cavity system. Inside this closed metallic cavity, there is a complex metallic setup of various metallic shapes to support the sample, to rotate it in different angles and to connect it to the other instruments needed in measurements. Therefore, the presence of the cryogenic metallic cavity leads to the propagation of standing waves. Moreover, the other metallic parts inside of it disturb the electric field distribution. This makes the position of the sample inside the cryogenic system very critical.
Our goal in this paper is to improve the Ratchet photovoltage by studying the electromagnetic response of the whole experimental setup used at low temperature. Due to the complexity of this closed setup, a methodology is proposed that helps in having a complete picture of the closed system used and hence improving its electromagnetic response. Several electromagnetic models have been created and simulated using full-wave electromagnetic simulation finite element method to represent the setup that could be used at room temperature [18] [19] [20] and the actual setup used at low temperature [16, 21] . Three descriptors have been computed that can quantify the Ratchet Effect inside the cryogenic system; the distribution of the electric field inside the cavity, the uniformity of the incident electric field linear polarization and the uniformity of the incident electric field density on the sample surface. Depending on the descriptors values and on the complexity of the actual setup, the best region where to put the sample inside the metallic closed cavity can be chosen which guarantees increasing the Ratchet photovoltage obtained. These descriptors have been calculated using HFSS full-wave electromagnetic simulator [17] . The results presented in [16] have been performed by using approximate dimensions of the experimental setup. However in this paper, the electromagnetic response of a realistic electromagnetic model of the experimental setup with the exact dimensions is presented.
We introduce, in Section 2, the methodology steps used in the investigation of the electromagnetic behavior of the whole system. A detailed description of the cryogenic closed metallic cavity system is presented in Section 3. In Section 4, there is an explanation of the various electromagnetic simulations models representing the front-end module of this closed setup. Finally, the electromagnetic response of each simulation model is discussed in Section 5.
METHODOLOGY STEPS TO INVESTIGATE THE ELECTROMAGNETIC BEHAVIOR OF THE EXPERIMENTAL SETUP
Here, we present the methodology steps that have been used to study the Ratchet Effect and to optimize the experimental setup from the electromagnetic point of view.
Step 1. A good understanding of the physical phenomenon and of the future applications based on it.
Step 2. Determination of the experiment conditions and studying the experimental setup used in observing the phenomenon.
Step 3. Developing simple electromagnetic simulations models of the setup, and then increasing the complexity of the models structure to be as close as possible from the actual setup.
Step 4. Finding analytical equations that define the phenomenon thus enable us to enhance the system response.
This methodology can be applied to any studied phenomenon, in which there is a challenge between the physical and the electromagnetic experiment conditions. For example, in our case, using the closed metallic cavity of the cryogenic system and the microwave radiation are both essential to satisfy the Ratchet Effect conditions. But on the other hand, this cavity can impact negatively on the electromagnetic response of the whole system.
Step 1 was discussed in the introduction section, and the remaining steps are presented in the following sections.
DESCRIPTION OF THE EXPERIMENTAL SETUP USED AT LOW TEMPERATURE
The second step of the methodology is to have a good study of the experimental setup. This complex setup exists in CNRS-LNCMI and has been used in obtaining all the experimental results presented in [2] [3] [4] [5] [6] . The cryogenic system used is useful, from the physical point of view, as it gives a wide range of temperatures and magnetic fields. Figure 1 (a) shows a photo of the whole system and Figure 1 (b) is a schematic to clarify each part of the system. A tunable microwave carcinotron, in the 33-50 GHz frequency range, represents the source of the microwave linear polarization; and an attenuator is connected to the carcinotron output to control the signal level. A circular waveguide is used to guide the microwave radiation. A rectangular-to-circular waveguide transition connects the attenuator rectangular output to the circular waveguide input aperture. This circular waveguide penetrates the closed metallic cavity of the cryogenic system which allows keeping the semiconductor sample at low temperature.
The complex setup inside the cryogenic metallic cavity is shown in Figure 2 . A second waveguide transition, circular-to-rectangular, is connected to the circular waveguide output aperture to focus the microwave energy on the rectangular sample. The rectangular aperture of the transition is a WR22 with 5.69 mm length and 2.84 mm width. The sample lies in a ceramic package and its contacts are connected to the package contacts using wire bonding. There are some copper wires which connect the package contacts to the pins of three other black packages and finally to a thermal resistance. The aim of this thermal resistance is to indicate the temperature inside the closed metallic cavity. These copper wires are also connected to a voltmeter, digital multimeter with high accuracy, to measure the photovoltage produced between each two contacts of the sample. At the center of the metallic cavity, there is a metallic tube that holds the sample and the packages. Under this central metallic tube, a rotating metallic cylinder permits to rotate the sample 360 degrees and hence changing the direction of the sample with respect to the direction of the microwave field. Another four metallic cylindrical tubes are placed near the boundary of the metallic cavity.
ELECTROMAGNETIC SIMULATION MODELS REPRESENTING THE FRONT-END MODULE OF THE EXPERIMENTAL SETUP
Now, the third step of the methodology consists of modeling the frontend module of the setup. As described in Section 3, in order to keep the sample at low temperature, a closed metallic cavity is used. The presence of this metallic cavity leads to the propagation of standing waves inside of it. Moreover, the complex setup inside of the cavity and its various metallic parts has a great influence on the distribution of the microwave field. Thus, the presence of the metallic closed cavity, as well as, the complex metallic setup inside of it, makes the choice of the sample position very critical. Many simulation models, sketched in Figure 3 , have been designed using the full-wave Ansoft HFSS software. Model 0 represents the simplest case of the hollow metallic cavity. The radius of the cavity is 14.205 mm, so by using a Matlab code, the number of modes inside the cavity is found to be 58 at the operating frequency of 50 GHz. Afterwards, a series of models have been simulated; Model 1, Model 2, Model 3 and Model 4; in each one a metallic part has been added to be as close as possible from the actual setup. The height of the cavity is taken to be 179.62 mm which corresponds in the actual setup to the distance from the output aperture of the circular-to-rectangular waveguide transition till the bottom of the metallic cavity. Except for Model 3 and Model 4, where a distance of 20 mm has been added to the height of the cavity. This additional distance represents the penetration height of the waveguide transition into the cavity. A wave port has been used to represent the source of the microwave energy with the same dimensions of the WR22 presented in the previous section. To symbolize the sample, many rectangles with a surface of 4 mm × 2 mm, have been placed at different positions inside the cavity. They have been put in the common area between all the models, near the output aperture of the waveguide transition. These simulation models have been split using one symmetry plane: perfect magnetic boundary conditions (y-z plane), to reduce the calculation simulation time.
HFSS software is used to simulate these models, as it includes a field calculator that enables us to calculate the analytical equations, Figure 3 . Schematics of the simulation models representing the frontend module of the experimental setup.
presented in the next section, which quantify the Ratchet Effect. But according to the setup dimensions, there is a challenge in simulating these very big structures using the finite element method which requires a huge computation time and large memory.
STUDYING THE ELECTROMAGNETIC RESPONSE OF EACH SIMULATION MODEL
In this section, the fourth step of the methodology is presented which requires an analysis of each simulation model response. This analysis is based on electromagnetic analytical equations that define the Ratchet Effect in a simple manner. This allows us to determine two important parameters of the Ratchet Effect: the amount of the incident electromagnetic field on the sample surface and the effect of the electric field polarization.
i. Studying the distribution of the y-component of the electric field E y inside the metallic cavity. As mentioned in Section 4, standing waves are observed in the closed metallic cavity. As a result, some regions with maximum values of the electric field and others with zero fields are found inside the cavity. Thus, the distribution of the electric field has to be studied to make sure that the sample is in a position where there are high values of the electric field y-component to produce the Ratchet photovoltage. This distribution changes each time a metallic part is added to the simulation model.
ii. Calculating the uniformity of the electric field linear polarization on the sample surface using 1.
| E y | is the magnitude of the electric field y-component vector and | E t | is the magnitude of the total electric field vector. When the electric field is oriented along the y-axis, it forces the electrons to oscillate vertically and scatter with the semicircular side of the antidots. This leads the electrons to move to the right and hence producing a photovoltage. Thus in this equation, we compare the value of | E y | with respect to | E t | on the sample surface. If K E increases, this signifies that E y is the major component of the electric field on the surface and that the electric field linear polarization is uniformly distributed on the overall sample surface to generate the Ratchet Effect. Moreover, in the piratical experiments, the sample is rotated 90 degrees to study the influence of the microwave polarization on the direction of the induced photovoltage in AlGaAs/GaAs and in Si/SiGe samples. This descriptor can also be used in this polarization study by replacing | E y | by | E x | in the above equation.
iii. Calculating the uniformity of the y-component of the electric field density on the sample surface using 2.
When comparing between the minimum and the maximum values of the electric field y-component on the overall sample surface, we can test the uniformity of the electric field density. If K D increases, this signifies that there is no large difference between the minimum and the maximum values and that the y-component of the electric field density is uniformly distributed on the sample surface hence producing high values of the induced photovoltage.
Equations (1) and (2) have been computed using the field calculator of HFSS, on rectangles R which have the same dimensions of the real sample (4 mm × 2 mm). These rectangles are at a distance of 0.5 mm to 11.5 mm from the wave port for Model 0, Model 1 and Model 2. But for Model 3 and Model 4, this distance is measured from the transition output aperture. In each simulation model, we do not search for the maximum values of each descriptor separately; but we try to determine a region where there are high values of the three descriptors; E y , K E and K D . Thus, the sample can be put in the chosen region which guarantees generating high Ratchet photovoltage and uniformly distributed electric field on the sample surface. If many appropriate regions are found in one model, the best position is determined with respect to the complexity of the actual setup where there is a certain tolerance in moving the sample without losing the Ratchet voltage. The simulation results of Model 0 in Figure 4 show that the best region where to put the sample is between 6.5 mm and 8.5 mm away from the waveport. When adding the rotating metallic cylinder, Model 1, the value of the electric field is affected. It is clear from Figure 5 that this value is decreased by 87% compared to Model 0. Also, the best region in this model is shifted between 3 mm and 5 mm. For Model 2, 50% of the electric field is lost compared to Model 1. In this model, the sample can be placed between 4.5 mm and 6 mm, as it is shown in Figure 6 . When the waveguide transition penetrates the metallic cavity of the setup with a height of 20 mm, Model 3, the best region becomes too narrow compared to the previous models. From Figure 7 , the sample can only be placed between 3.5 mm and 4 mm which means that there is a tight tolerance of 0.5 mm. Therefore, a parametric study of the transition height inside the cavity is performed. The rectangles representing the sample remain at fixed position while decreasing the transition height by 1 mm. The results presented in Figure 8 demonstrate that the three descriptors are improved if the transition height is 19 mm instead of 20 mm used in the actual setup. The best region is between 6.5 mm and 8 mm. These last results show how a little change in the transition height can totally change the electromagnetic behavior of the setup.
Finally, Figure 9 presents the simulation results of Model 4 which is the most complex model. As described in Section 3, there are four cylindrical metallic tubes in the actual experimental setup. Due to the memory limitation, only two cubical metallic tubes are simulated to estimate the setup response when adding metallic parts near the cavity boundary. The results are enhanced compared to Model 3 and the best region is located between 4 mm and 5.5 mm. The convergence criteria used in simulating these models are: maximum delta S is 0.01 and the minimum number of converged passes is 3. However due to the complexity of Model 4, the criteria used are 0.05 and 2 respectively. The maximum delta S is defined as the maximum change in the magnitude of the S-parameters between two consecutive passes.
CONCLUSION
In this paper, a detailed methodology has been presented to optimize the experimental setup used in controlling the Ratchet Effect. Many electromagnetic simulation models have been created to demonstrate that each metallic part added to the setup has a great influence on the electromagnetic behavior of the whole system. It has been noticed that in every model there is an optimal region where it is preferable to place the sample. This region changes its position according to the metallic parts added to the system. Its range is about 1.5 mm which means that a little change in the sample position, changes the experimental results obtained. From the simulation results of Model 4, which is the closest model to the actual setup, it is better to put the sample between 4 mm and 5.5 mm if a 20 mm transition height is used.
We have proposed a general methodology that can be used when observing a physical phenomenon which requires using a cryogenic metallic closed system and microwave radiation. Optimizing the experimental setup allows us to develop good current generators and detectors in the GHz and the THz range. The Ratchet device will make a real challenge in the wireless communication domain.
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